A protocol for routine 4-hour microwave tissue processing of clinical or other samples for electron microscopy was developed. Specimens are processed by using a temperature-restrictive probe that can be set to automatically cycle the magnetron to maintain any designated temperature restriction (temperature maximum). In addition, specimen processing during fixation is performed in 1.7-ml microcentrifuge tubes followed by subsequent processing in flow-through baskets. Quality control is made possible during each step through the addition of an RS232 port to the microwave, allowing direct connection of the microwave oven to any personal computer. The software provided with the temperature probe enables the user to monitor time and temperature on a real-time basis. Tissue specimens, goat placenta, mouse liver, mouse kidney, and deer esophagus were processed by conventional and microwave techniques in this study. In all instances, the results for the microwave-processed samples were equal to or better than those achieved by routine processing techniques.
Microwave irradiation is an excellent method for tent reproducibility and high-quality tissue preparathe preservation of cell structure and immunogenicity tion using microwave technology. 3, 1 In addition, a newfor electron microscopy (EM) 1, 13, 14 and for light mi-ly modified 800-watt safety-exhausted microwave a decroscopy (1988, Histochem J 20:311-404; 1990 , His-veloped for EM includes features such as programtochem J 22:311-393). 9 In addition, the reduction in mability, magnetron prewarming, built-in water feedprocessing time offered by microwave technology pro-throughs for a recirculating water load cooling system, vides an enormous advantage for diagnostic patholo-a 1.6-mm-diameter internal temperature restrictive gy. 4, 5, 11, 12 The rather extensive literature compiled on microwave tissue processing has been recently re-probe, and computer monitoring of temperature and time data (Fig. 1) . Coupled with these equipment adviewed. 15 Much work has gone into the understanding vances and a unique tissue processing protocol, miof how microwave energy reacts with various buffers crowave-assisted sample processing makes same-day and fluids employed in the fixation process and how results and reliable control of tissue processing parammicrowaves behave inside the oven itself. 10,15 There eters (time and temperature) possible. are instances where the microwave has been used as a Using the above mentioned protocols and processing substitute for chemical fixation in tissue processing for equipment, we compared transmission EM results ob-EM. 2 The use of microwave technology to achieve rap-tained by 4-hour microwave tissue processing versus id tissue processing has received only limited accep-conventional 56-72-hour tissue processing methods. tance in the EM community, probably because of both Duplicate samples of normal goat placenta, mouse livthe lack of a unified protocol offering consistent re-er, and mouse kidney and a postmortem sample of producible results and the absence of a commercially black-tailed deer esophagus (deer diagnosed with sysavailable microwave oven with features designed spe-temic adenoviral infection) were processed by each cifically for the electron microscopist. These obstacles have existed despite work done on various aspects of sample preparation for EM in the fixation process 1,8,14 and resin curing. 4,5 Within the last 12 months, however, both of these problems appear to have been solved. A simple sample preparation protocol recently developed offers consis-method, and the results were compared.
Materials and methods
Paired samples of normal goat placenta, mouse liver, and mouse kidney and a specimen of esophagus from an adenovirus-infected deer were prepared for transmission EM by rapid microwave processing (Table 1 ) and routine processing ( Table 2 ). An 800-watt microwave oven with accessories a was used for all microwave tissue processing steps ( Fig. 1 ).
All paired samples were either initially fixed or transferred to 1% paraformaldehyde/2% glutaraldehyde in 0.1 M sodium cacodylate with 0.001 M calcium chloride (pH 7.4) for this study. Goat placenta was fixed via vascular perfusion of the main uterine artery. Mouse liver was fixed via vascular perfusion of the portal vein. The deer esophagus had been in 10% neutral buffered formalin for 2 yr prior to processing for this study. The microwave-processed mouse kidney was initially fixed in the microwave for 2.5 min at a temperature restriciton of 37 C (Fig. 2 ) and left in fixative outside the microwave for an additional 2.5 min. The other three samples were irradiated in the microwave for a 10-20-10 (10 sec at 100% power, 20 sec at 0% power, 10 sec at 100% power) time sequence without temperature restriction after the initial fixation. Buffer rinses were done in 0.2 M sodium cac-was done with unbuffered reduced osmium (2% osmium tetroxide in 2.5% potassium ferrocyanide) either as immersion for routine processing or in the microwave oven for 2.5 min with a 37 C temperature restriction ( Fig. 2 , Table 1 ). Routinely processed tissues were dehydrated in a graded ethanol series. Microwave-processed tissues were dehydrated in a graded acetone series. The routine processing steps were done at room temperature. The resin mixture used (1:1 Epon/ Spurr's) for both methods was based on experience from an odylate (pH 7.4) at room temperature. Secondary fixation earlier study. 3 Figure 2 . A microwave-transparent Teflon rack designed to hold 1.7-ml microcentrifuge tubes during fixation. The temperature probe is positioned in the dummy tube ≤ 2 mm below the surface for fixation steps of 2.5 minutes.
Sample placement during microwave irradiation is shown in Fig. 3 . Placement of the water loads (2 400-ml glass beakers b filled with ~ 350 ml of water) and specimens was determined through the use of a neon bulb array. a,6,15 Microwavetreated tissues were simultaneously processed in separate containers. Sample processing through both fixations was done in 1.7-ml microcentrifuge tubes (Fig. 2) , after which the tissue was transferred to flow-through baskets. The baskets were processed together in the bottom half of a 60-mm glass Petri dish (Fig. 4) .
Temperature restrictions used for microwave-processed tissue were as follows: aldehyde fixation, none (except mouse kidney: 37 C); osmium fixation, 37 C; dehydration, 45 C; infiltration, 50 C; polymerization, 95 C for the first 15 min. Placement of the temperature probe is critical during the fixation steps (aldehyde/osmium); the probe is positioned in a dummy tube (Fig. 2) . The probe placement during the other steps requiring temperature restriction is not as critical; the probe is submerged ≥ 4 mm within the fluid in the Petri dish ( Fig. 4) .
For microwave polymerization, the samples were transferred to polyethylene embedding capsules c (size 00) with a parafilm d liner pressed into the cap prior to closure to make a watertight seal. The capsules were placed in a Teflon holder" that was then placed under water (900-1,000 ml) in a shallow 940-ml plastic container e (Fig. 5) . The water load beaker on the right was then removed. The beaker serviced by the load Figure 5 . A 940-ml plastic container designed for microwave use is filled with 900-1,000 ml of tap water for use during microwave polymerization. The Teflon holder submerges the embedding capsules during polymerization. cooler remained in the microwave during the polymerization step. The first 15 min of the polymerization step had a temperature restriction (95 C). Water was added when needed to the plastic container to maintain the level above that of the embedding capsules.
Following tissue embedment, all sections were prepared in a similar fashion. Thick sections were cut, mounted on glass coverslips, stained by Toluidine blue O before placement on glass microscope slides, and examination by light microscopy. Silver-to-gold thin sections were cut by diamond knives and mounted on 300-mesh thin-bar copper grids. The sections were stained with 2% aqueous uranyl acetate at 60 C on parafilm d in a Petri dish with wet filter paper underneath. Sections were counterstained with Reynolds' lead citrate 16 for 10 min at room temperature. The sections were examined in a transmission electron microscope f at 60 kV accelerating voltage.
Results
Electron micrographs of the perfused conventionally processed (Fig. 6A ) and microwave-processed ( Fig. 6B ) goat placenta and the perfused conventionally processed ( Fig. 7A ) and microwave-processed ( Fig. 7B ) mouse liver demonstrated well-preserved cellular structure. Plasma and cytoplasmic membranes were densely stained, the cytoplasm in both tissues was finely granular and evenly distributed, and nuclear membranes were tightly bound to the nucleus. Golgi membranes were similarly densely stained. Mitochondria were intact and contained a uniformly dense granular matrix in the intracristal space. Cristae membranes were electron dense and well preserved. When conventionally processed samples of goat placenta and mouse liver (Figs. 6A, 7A) were compared with the microwave-processed tissues (Figs. 6B, 7B) , the cellular membranes in the microwave processed samples In general, there was no appreciable difference in the quality of tissue preservation as viewed by transmisappeared better preserved and stained. Glycogen pression EM when comparing rapid microwave versus conervation and staining in the mouse liver also showed ventional processing techniques. Further, there were better contrast in the microwave-processed tissue (Fig. no unique discernible cellular artifacts induced by this 7B) than in the conventionally processed tissue (Fig. microwave methodology when contrasted with con-7A). Ribosomes on rough endoplasmic reticulum were ventional methodology. In select instances, the quality comparable in both preparations. of maximally fixed tissues appeared more optimally Deer esophagus was initially immersion fixed in for-preserved in the microwave than in the conventionally processed samples. malin approximately 5 hours postmortem with some autolysis. Despite the 5-hour delay prior to fixation, nuclei were easily recognized and comparable in quality in both conventionally and microwave-processed samples (Fig. 8A, 8B ). Nuclei of virus-infected cells had condensed chromatin with numerous discernible round to hexagonal 70-nm adenovirus particles. The cytoplasm in both deer preparations was densely granular. Intranuclear crystals were apparent in conventionally and microwave-processed tissues (Fig. 8A, 8B) . Membranes were still observable in both preparations and appeared continuous and densely stained.
Election micrographs of the conventionally processed mouse kidney (Fig. 9A) showed the characteristic trilaminar appearance of the basement membranes in the glomerulus. The basement membrane in the microwave-processed tissue (Fig. 9B) showed less of the trilaminar appearance typical of conventionally processed tissue. Fine structure appeared better preserved in the microwave-processed tissue. The glomerular podocytes with fenestrae and the cytoplasmic filaments were well fixed. Other differences that were noted (figures not included) include reduced tissue separation between Bowman's capsule and the underlying tissue structure of the glomerulus and the fine structure and basement membranes of the tubular epithelium. These structures appeared better preserved in the microwave-processed tissue.
Discussion
In this and other studies, 1, [6] [7] [8] 13, 14 microwave-accelerated chemical processing of tissue for EM yielded results equal to or better than those obtained with conventionally processed tissues. The significant contribution of this study is that the microwave oven was employed for each step in specimen preparation. In other studies, 1, 6, 8, 13, 14 however, the microwave was used only for fixation. Previous work 7 explored the potential of using the microwave for each step of specimen processing. The approach described in this report, however, is far simpler, uses less chemicals, and allows for a greater number of specimens (6) to be processed together at 1 time. With this technique, it is possible to cut thin section from polymerized blocks and to view the sections in 4 hours, which has not been possible previously. The ability to view sections on the electron microscope this quickly has obvious advantages, and this specimen turnaround time is comparable to that for standard light microscopy techniques.
The area that yielded the most consistently uniform reproducible results inside the microwave oven was a cold spot, as determined by a neon bulb array. 7, 15 . In other studies, 8, 10, [13] [14] [15] sample placement was determined by picking an area that produced a rapid temperature rise during fixation. In our experience (unpublished data), a sample area where the temperature rise is slow and uniform (17-20 C in 20-30 sec) yields consistently reproducible results during the fixation steps. Neon bulbs 7,15 are 1 of a number of ways 9, 13, 15 to differentiate arbitrarily between hot and cold spots in microwave ovens. The rate of temperature increase to the set point for dehydration and infiltration steps done in the microwave does not seem to affect the tissue preservation in any way. The ability to control temperature parameters (rate of increase, upper limits) and vary microwave exposure time has made it possible to achieve consistently reproducible results. Earlier work by our group either lacked a component of technology 6 (the temperature restrictive probe) or an aspect of technique 7 (1.7-ml microcentrifuge tubes) for creating a simple and/or rapid processing protocol. The temperature restriction set points were arrived at by trial and error based on earlier work 6,7 and have been applied to the processing of marine, botanical, and freeliving parasitic organisms with similar results (unpublished data). Processing times also were based on earlier work. 3, 6, 7 This innovative methodology enables the electron microscopist in both research and diagnostic settings to greatly reduce traditionally long turnaround times by at least an order of magnitude while maintaining a high quality of specimen preparation. This technique would be especially useful for diagnosis of serious diseases where a morphologic diagnosis is needed or in situations where an expeditious ultrastructural or light microscopic examination must be performed. 
